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Abstract
Fast timing detectors are an essential element in the experimental setup for time-of-flight (ToF) mass measurements
of unstable nuclei. We have upgraded the scintillator detectors used in experiments at the National Superconducting
Cyclotron Laboratory (NSCL) by increasing the number of photomultiplier tubes that read out their light signals to four
per detector, and characterized them in a test experiment with 48Ca beam at the NSCL. The new detectors achieved a
time resolution (σ) of 7.5 ps. We systematically investigated different factors that affect their timing performance. In
addition, we evaluated the ability of positioning the hitting points on the scintillator using the timing information and
obtained a resolution (σ) below 1 mm for well-defined beam spots.
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1. Introduction
Nuclear masses, and nuclear binding energies, play a
central role in many questions of nuclear structure and
nuclear astrophysics [1, 2]. Nuclear masses provide one
of the main tools to understand the evolution of nuclear
structure away from β-stability through systematic trends
in binding energies [3, 4], and are an essential input for
nuclear astrophysics models [5, 6].
At present there is a variety of techniques and devices
capable of measuring the mass of isotopes at different re-
gions across the nuclear chart, and with various degrees
of precision: Penning trap spectrometers [7, 8, 9, 10, 11,
12, 13], storage rings [14, 15, 16, 17], multi-reflection time-
of-flight (MR-ToF) spectrometers [18, 19, 20, 21, 22], and
time-of-flight measurements with magnetic spectrometers
(ToF-Bρ technique) [23, 24]. The latter has a relatively
low mass resolving power with m/∆m ∼ 104, but can
measure with high efficiency the masses of many unstable
isotopes far from β-stability. The technique is currently
used with the S800 spectrometer at the National Super-
conducting Cyclotron Laboratory (NSCL) [23, 25], which
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is the focus of this work, and with the SHARAQ spectrom-
eter at RIKEN [26].
The principle of the ToF-Bρ technique is based on the
motion law of an ion with mass m, charge q and momen-
tum p passing through a beam line and magnetic spec-
trometer with a total flight path of length L. If its time-
of-flight is given by T , the nuclear mass is related to these
variables by:
m = p ·
√(
T
L
)2
−
1
c2
= qBρ ·
√(
T
L
)2
−
1
c2
, (1)
where c is the speed of light, and Bρ = p/q is the mag-
netic rigidity of this ion with radius of curvature ρ for the
particle trajectory.
In order to obtain masses, T must be measured with
very high precision using timing detectors at the start and
end points of the flight path. The momentum p can be ob-
tained from measuring the ion’s position x in a dispersive
plane of the spectrometer. To first order:
p = p0
(
1 +
x
D
)
, (2)
where p0 = q(Bρ)0 is the momentum of the central trajec-
tory, and D is the dispersion function. The electric charge
q of the beam ions is evaluated with a relation based on the
total kinetic energy, velocity and magnetic rigidity com-
bining with the ∆E-ToF particle-identification technique
[27].
However, L and Bρ usually cannot be measured with
sufficient accuracy. Therefore, in practice, we can derive
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the mass by expanding m/q in Eq. (1) as a polynomial
function of the measured parameters (T , x, etc.), and then
determine them from the information of known-mass ref-
erence nuclides.
At the NSCL, the experiments use the S800 spectro-
graph operated in dispersion-matched mode. The ToF
from the final focal plane of the A1900 fragment sepa-
rator to the S800 focal plane is measured with two fast-
timing plastic scintillation detectors. In the previous ex-
periments [28, 23, 29, 30, 25], each timing detector consists
of one thin fast organic scintillator with two photomulti-
plier tubes (PMTs) coupled to its opposite sides, as shown
in Fig. 1 (a). The Bρ at the dispersive plane at the tar-
get position of the S800 spectrograph is measured with a
micro-channel plate (MCP) detector. The energy loss ∆E
is measured by a ionization chamber or silicon detectors at
the final focal plane [25]. Here we present the development
of an upgraded system of timing detectors. Details of the
MCP detector can be found in Refs. [25, 31].
The main contributions to the mass resolution include
time resolution of timing detectors and position resolution
of the MCP detector. The time resolution σT of the pre-
vious timing detectors was measured to be ∼30 ps with
primary beam tests [32, 23]. For the typical flight time
of ∼500 ns in the S800 experiments the contribution of
time resolution to the final mass resolution is (
σT/T)
1−(L/cT)2 ≈
7× 10−5. In addition, the currently achieved position res-
olution of ∼0.5 mm of the MCP detector at the dispersive
plane with the dispersion function of ∼11 cm/% results in
a momentum resolution of σp/p ≈ 5×10−5 according to Eq.
(2) [23, 25], which contributes to the final mass resolution
as 5 × 10−5. Besides the resolution of the beamline de-
tectors, other factors like beam straggling in the detectors
and variations in the flight path followed by each beam
particle also affect the mass resolution.
From the above analysis, we can see that one main
contribution affecting the mass resolution is the time res-
olution. In order to approach the realm of mass resolution
of 10−5, an important step is to improve the timing per-
formance of the timing detector. In fact, similar detectors
with an intrinsic σT of about ∼10 ps have been developed
and tested with ion beams [33, 34]. Large plastic scintilla-
tors read out by many PMTs have also been successfully
tested and achieved picosecond resolution [35, 36]. Sil-
icon photomultipliers (SiPMs) provide an alternative to
PMTs to the scintillator signal and have been shown to
achieve comparable timing resolution [37, 38, 39]. While
their main advantages of compact design and small power
requirements are not decisive factors in our application,
it would be interesting to explore their use for ToF mass
measurement applications in the future. Our work can
serve as a comparison benchmark for such developments.
We note that before introducing new detector systems care
has to be taken to minimize the systematic errors at the
picosecond level, which could affect the mass measurement
results.
These results motivate our design for a new detector
where each plastic scintillator is coupled to 4 PMTs as
shown in Fig. 1 (b). We expect that doubling the number
of PMTs will result in a significant increase in the number
of photoelectrons produced in the PMTs (Np.e.), which is
an important limiting factor for the resolution because our
detectors use thin scintillators to minimize beam strag-
gling. An improvement of σT by a factor of 1/
√
2 ∼ 0.7
would be expected from the relationship σT ∝ 1/
√
Np.e.
discussed in [36].
Figure 1: (color online). Photographs of (a) timing detector used in
previous ToF-Bρ experiments at the NSCL [23] and (b) new timing
detector studied in this work. The engineering drawing (c) for the
new detector frame shows the dimensions of its design [40].
2. Detector design
Each timing detector consists of four photomultiplier
tubes (PMTs) attached to a thin organic scintillator with
a surface area of 4 × 4 cm2, as shown in Fig. 1 (c). This
design doubles the number of PMTs and quadruples the
surface area compared to the detectors previously used for
ToF-Bρ experiments at the NSCL.
As the choice of scintillator material, we used BC-418
produced by Saint-Gobain [41], which was used by previ-
ous detectors. Before testing the detectors with a fast
ion beam, the new design was characterized offline us-
ing a table-top laser setup at Central Michigan Univer-
sity (CMU). Details about it can be found in Neupanes
thesis [40]. During this test we also studied the EJ-228
and EJ-232 scintillators from Eljen Technology [42]. The
properties of these scintillators are shown in Table 1. Their
main differences are the higher light output of BC-418 and
EJ-228, and the faster rise time of the signal in EJ-232
(both of which are desirable properties for fast timing).
The laser test showed similar time resolution for the three
scintillators, from 6.7 ps to 6.3 ps, showing that the choice
among them is not a dominant contribution to the resolu-
tion of our design. To decrease the time spread of photons
transmitted from the scintillator to the PMT, a small size
is preferable. In addition, the thickness of the scintillators
was chosen to be 0.5 mm to avoid large beam straggling
during mass measurement experiments.
For PMTs, the R4998 type integrated in the H6533 as-
sembly provides adequate capabilities as shown in Table
2
2, including large gain and short signal rise time [43]. The
PMTs are coupled to the scintillators with BC-634A silicon
pads from Saint-Gobain [44] (25.4 mm × 3 mm), which
have similar optical properties as the scintillator and the
photocathode of the PMT to provide good coupling be-
tween the scintillator’s edge and the PMT.
An assembled detector is shown in Fig. 1 (b).
Table 1: Characteristics of plastic scintillators BC-418 from Saint-
Gobain [41], and EJ-228 and EJ-232 from Eljen Technology [42].
Scintillator BC-418 EJ-228 EJ-232
Light Output
(%Anthracene)
67 55
Efficiency
(photons/1 MeV e−)
— 10200 8400
Rise Time (ns) 0.5 0.35
Decay Time (ns) 1.4 1.6
Pulse Width (ns) 1.2 1.3
Max. Wavelength (nm) 391 370
Density (g/cm3) 1.023
Refractive Index 1.58
Table 2: Characteristics of R4998 PMT within H6533 assembly from
Hamamatsu [43].
Property Value
Assembly Size 31 mm
PMT Tube Size 25 mm
Anode-to-Cathode Voltage -2250 V
Wavelength Range 300–650 nm
Wavelength Peak 420 nm
Luminous Sensitivity 70 µA/lm
Quantum Efficiency 13%–39%
Gain 5.7× 106
Rise Time 0.7 ns
Transit Time 10 ns
Transit Time Spread 0.16 ns
3. Experiment
After the offline tests using laser at CMU [40], here we
present results from a test performed with a fast beam of
stable isotopes at the NSCL, which provided similar condi-
tions to those of ToF-Bρ mass measurement experiments.
3.1. Detectors setup
The experiment was performed in the S2 vault at NSCL
[45]. A primary beam of 48Ca with an energy of 140
MeV/u passed through a beryllium target with a thickness
of 1081 mg/cm2, resulting in a 48Ca beam with degraded
energy of 90 MeV/u and 99 % purity. This beam energy
was chosen for the energy loss in the scintillators to be
similar to a planned experiment with isotopes of Z ∼ 40.
Straggling in the target increased the angular emittance
of the beam, which helped to steer the beam to illuminate
different spots in the scintillator surface. The 48Ca beam
was delivered to the detection station at rates around 500
particles per second during most time of the test.
The detectors setup is shown in Fig. 2. The distance
between two timing detectors was 9 cm. An aluminum
mask with a size of 6× 6× 1 cm3 was mounted ∼8 cm in
front of the first timing detector. The holes in the mask
had a diameter of 2 mm with a pattern shown in the in-
set of Fig. 2. The mask performed two functions: (1)
guiding the focused beam to interact with a small area of
the scintillators when passing through one particular hole;
(2) helping to obtain a position distribution for defocused-
beam settings when the ion beam could pass through sev-
eral holes. In addition, a ZnS viewer was installed above
the mask in a retractable ladder to tune the beam’s posi-
tions for different settings.
unit: mm
Figure 2: (color online). The detection setup inside the 53-inch
chamber in S2 vault during the beam test. The inset shows the
pattern of holes on the mask.
3.2. Electronics setup
The schematic diagram of electronics is shown in Fig.
3. Signals from each PMT were split into two. One signal
was delivered to a 16-channel constant-fraction discrimi-
nator (CFD), the MCFD-16 module from Mesytec. The
modules provided two outputs for each channel: the ana-
logue outputs were connected to a charge-to-digital con-
verter (QDC) (MQDC-32 from Mesytec [46]) to measure
the amplitude of the PMT signals, while the timing dis-
crimination outputs were connected to a time-to-digital
converter (TDC) (MTDC-32 fromMesytec [46]) to give the
time information. The other split PMT signal was fed to
a timing discriminator, with different types employed dur-
ing the test: leading-edge discriminators (LEDs, Phillips
Scientific 704 and 711 [47]) or constant-fraction discrimina-
tors (CFDs, Ortec 935 [48] and Tennelec 455 [49]). Their
timing information was processed by a MTDC-32 module,
and also digitized by time-to-amplitude converters (TACs)
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connected to an analog-to-digital converter (ADC). We
used 8 TAC-ADC channels to measure relative time be-
tween different combinations of PMTs in the first and
second detector, providing redundant information for the
time-of-flight and allowing us to calculate the time differ-
ence between any two PMTs to derive position informa-
tion (See Sec. 4.8). The modules of TACs and ADC were
Ortec 566 [48] and Mesytec MADC-32 [46], respectively.
The trigger and gate for the data acquisition system were
the OR logic of all PMT signals supplied by the MCFD-16.
Various timing modules and techniques regarding the elec-
tronics were systematically compared to obtain the setup
with best timing performance.
PMT#i Disc.
TAC#j
Ortec 566
MADC-32
MCFD-16
MTDC-32
MQDC-32
TAC#k
Ortec 566
Figure 3: The schematic diagram of electronics used in the experi-
ment. Totally, there are 8 PMTs marked by i and 8 TACs marked
as j and k. The start and stop inputs of each TAC are signals from
PMTs of the first (i = 1, 2, 3, 4) and second (i = 5, 6, 7, 8) timing
detector. For these 8 TACs, the start-stop PMTs combinations are:
(1) #1—#5, (2) #2—#6, (3) #3—#7, (4) #4—#8, (5) #1—#6,
(6) #2—#7, (7) #3—#8, (8) #4—#5.
4. Data analysis and results
The goal of the test was to demonstrate the improved
resolution of the new timing detector design, and investi-
gate its dependence on the parameters such as high volt-
ages of PMTs, type of discriminators and beam intensity.
In addition, the defocused beam was used to investigate
the position resolution of the plastic detectors.
4.1. Time-of-flight analysis
The target variable of our measurement was the time-
of-flight (ToF) of the beam ions across the 9-cm path be-
tween the first and second scintillator detectors. Each de-
tector provided four signals from its PMTs, from which
we obtained different time measurements with the digitizer
modules in our electronics setup (Figure 3). The measured
times can be combined in different ways to obtain a value
for ToF.
For the signal processing with TAC+ADC combina-
tions, the ToF is defined as the average of four independent
combinations:
ToFTa =
4∑
i=1
Tai
4
, (3)
where symbol Ta denotes the time values from TAC+ADC
setup (see Fig. 3 for the corresponding channel assign-
ments). We can also obtain a measurement of the time-
of-flight when averaging the values of Ta5 to Ta8 of the
other four TAC+ADC channels.
For the signal processing with TDC, the timing signals
of start and stop timing detectors are taken as the average
time from four PMTs of each scintillator and then ToF is
defined as:
ToFTt =
8∑
i=5
T ti
4
−
4∑
i=1
T ti
4
, (4)
where symbol Tt denotes the timing signals from TDC
setup. The reason for averaging all the timing signals of
PMTs coupled to one scintillator in Eqs. (3) and (4) is to
minimize the timing uncertainty introduced by different
hitting positions of beam on the plastic, and to obtain a
better resolution.
In order to correct the time-walk effect due to the
variance in signal amplitudes of PMTs, especially for the
leading-edge discriminator (LED) timing method, we use
the following correcting equation:
ToFcorr = ToFraw + [ToFpivot − fToF (Q)] , (5)
where ToFraw is the time measured with the TAC+ADC
(ToFTa) or TDC (ToFTt) setup. ToFpivot represents the
pivot point of ToF to be realized in the ideal case with-
out time walk. fToF (Q) stands for the dependence of the
measured ToF on the integrated charge (Q) of each PMT
signal recorded by the QDC. Note that here Q represents
the information of signal amplitudes for all eight PMT
channels.
We find that a linear function for fToF (Q) provides a
good fit:
fToF (Q) = c0 +
8∑
i=1
ci ·Qi, (6)
Here c0 and ci are the correction parameters to be de-
termined by fitting the correlation between ToFraw and
the charge of each PMT, Qi. Then, ToFpivot is taken as
c0 +
8∑
i=1
ci · Qi, where Qi means the average charge of i
th
PMT for all events under the same condition.
It is worth noting that the choice of ToFpivot only leads
to a global systematic shift of the centroid of raw ToF dis-
tribution, without impacting the time resolution. There-
fore, comparisons of the measured ToF centroids are only
meaningful if the time-walk correction was done with the
same set of parameters (i. e. same choice of ToFpivot).
Thus, Eq. (5) can be rewritten as:
ToFcorr = ToFraw +
[
8∑
i=1
ci ·Qi −
8∑
i=1
ci ·Qi
]
. (7)
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In order to more clearly show the time-walk effect, we
introduce the charge difference ∆Q between PMTs of each
scintillator as:
∆Q =
8∑
i=5
Qi
4
−
4∑
i=1
Qi
4
. (8)
Then the relationship between ToF and ∆Q, instead of
the charge of single PMT, provides a better visualization
of the magnitude of the time-walk effect.
As an example, Fig. 4 (a) shows that there is an obvi-
ous dependence of ToF on ∆Q, calculated with the time
values measured with the leading-edge discriminator com-
bining with TAC and ADC electronic modules. After using
the above correction method, the time-walk effect of ToF
on the signal amplitude is removed as shown in Fig. 4
(b). By comparing the ToF distributions before and after
correction in Fig. 4 (c), we can see there is a clear im-
provement in the time resolution. It is improved from 14.2
ps to 7.5 ps (about 50%) for the LED+TAC+ADC elec-
tronics setup of Fig. 4. Note that throughout this paper
we measure the resolution as the sigma of a Gaussian fit
to the ToF distribution.
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Figure 4: (color online). Correlation between ToF obtained via
LED+TAC+ADC setup and the amplitude difference ∆Q (a) with-
out and (b) with time-walk correction. Panel (c) shows the distri-
butions of raw (blue) and corrected (red) ToFs fitted with Gaussian
functions indicated by the corresponding dash lines. The data cor-
responds to setting (2) in Table 3.
The summary of data analysis results are displayed in
Table 3. In the following subsections, from 4.2 to 4.4,
we present the results from measurement settings with a
focused beam impinging on the center of timing detectors.
Subsections 4.5 and 4.8 present the discussions to study
position dependent effects in the response of the detectors,
and their position resolution. In subsections 4.6 and 4.7
we present the response to bias voltage and beam rate.
4.2. Comparison between two- and four-PMT readouts
We begin the discussion of the ToF resolution results
by comparing the value obtained by using all four PMTs
in each detector with that using two of the PMTs, which is
comparable to the detector design used in previous mass
measurement experiments. The time-walk correction for
the two-PMT ToF is similar to that for the four-PMT
ToF except for using time and amplitude information of
two PMTs of each detector. The comparison between
these two ToF distributions with the LED+TAC+ADC
electronics setup is illustrated in Fig. 5, which clearly in-
dicates the time resolution taken from 4 PMTs is better
than that from 2 PMTs in agreement with our expecta-
tion. The time resolution with 4-PMT readout should be
improved to 1/
√
2 ∼ 0.7 times of that with 2-PMT readout
[36], which is well supported by the values we obtain here
(from 11.2 ps to 7.5 ps).
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Figure 5: (color online). Comparison between the distributions of
time-walk corrected ToFs obtained from 4 PMTs (red) and 2 PMTs
(blue) using the same LED+TAC+ADC electronics setup. The dis-
tributions are fitted with Gaussian functions plotted with the re-
sponding colors. For better comparing display, both distributions
are shifted to have a mean ToF of zero.
4.3. Comparison between TAC+ADC and TDC
A time-to-digital converter (TDC) was also used during
the experiment. A TDC can simplify electronics set up
since a single module can replace many TACs and one
ADC.
We compare the effects on the timing performances of
these two electronic setups used to digitize the time mea-
surement. Fig. 6 shows the distributions of ToFs obtained
from TAC+ADC and TDC after time-walk correction. It
is found that the time resolution with TAC+ADC (7.5 ps,
setting (2) in Table 3) is ∼35% better than that with TDC
(11.7 ps, setting (1) in Table 3).
The reason for this can be related to the difference of
the time measurement techniques used in these two elec-
tronics modules. For the TAC+ADC, the TAC uses a
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Table 3: ToF properties at different conditions in the present experiment.a
Setting PMT HV↓↑b Electronics
Beam
Position [mm, mm]
ToF Centroids [ps]c
Time Resolution
(σ) [ps]
Raw Corrected Raw Corrected
(1) 0 LED+TDC (0, 0) 0 0.0 16.6 11.7
(2) 0 LED+TAC+ADC (0, 0) 0 0.0 14.2 7.5
(3) 0 LED+TAC+ADC (-7, 7) 10.8 0.3 14.1 8.6
(4) 0 LED+TAC+ADC (14, 0) -25.4 2.6 14.3 8.0
(5) 0 LED+TAC+ADC (21, 0) 21.9 2.4 20.8 9.5
(6) 0 LED+TAC+ADC Defocusedd — — — 8.6
(7) 0 CFD+TAC+ADC (0, 0) 0 0.1 11.2 10.3
(8) 0 CFD+TAC+ADC (-7, 7) -5.4 -0.6 12.2 11.3
(9) 0 CFD+TAC+ADC (14, 0) -0.4 -0.3 12.6 10.2
(10) 0 CFD+TAC+ADC Defocused — — — 12.2
(11) ↓50 V CFD+TAC+ADC (0, 0) 9.1 — 11.6 10.7
(12) ↑50 V CFD+TAC+ADC (0, 0) 23.0 — 11.0 10.2
(13) ↑50 V CFD+TAC+ADC (0, 0) with 10 kHz 21.5 — 11.6 10.6
(14) ↑50 V CFD+TAC+ADC (0, 0) with ¿100 kHz — — 299 299
a Errors of all time values are less than 0.1 ps.
b The changes of high voltages supplied to PMTs are relative to the values of setting (1).
c ToF raw values are shifted relative to the centroid of raw ToF distribution using the same electronics and beam at
position (0, 0). Values for the corrected ToF centroids are only given for settings where the same walk correction
parameters are applied (settings 2 to 5, and 7 to 9).
d In the defocused setting the beam covered at least four left holes at (-7, ±7) and (-11, ±11) through the mask. No
ToF centroids are reported since the spectrum is a mixture of distributions from beam ions through different mask
holes.
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Figure 6: (color online). Comparison between the distributions of
time-walk corrected ToFs recorded from TAC+ADC (red) and TDC
(blue) using the same leading-edge discriminator. The Gaussian fit-
ting functions are also plotted with the responding colors. For better
comparing display, both ToF distributions are shifted to the position
centered at 0. The data corresponds to settings 1 and 2 in Table 3.
high-precision analog technique to convert the time inter-
val to pulse amplitude, which is then converted to a digital
signal by the ADC. For the TDC, the same analog tech-
nique is only used for the time interval smaller than the
period of clock counter inside TDC, which measures the
longer intervals. In fact, according to the manuals of TAC
(ORTEC 566 [50]) and TDC (Mesytec MTDC-32 [51]), the
time resolution (σ) of the former (64.3 ps for 50 ns range)
is better than that of the latter (5–10 ps). Therefore, al-
though the TDC leads to a simpler setup, the TAC+ADC
combination provides the better time resolution.
4.4. Comparison between LED and CFD timing techniques
Constant-fraction discriminators (CFDs) address the
time-walk issues and minimize the dependence of ToF on
the signal amplitudes [52]. In our measurement we used
Ortec 935 and Tennelec 455 CFDs with a 1 ns delay. In-
deed, Fig. 7 (a) shows a much smaller correlation between
ToF and amplitude difference ∆Q when compared with
the measurement using LEDs (Fig. 4). After the time-
walk correction presented in Fig. 7 (b) for the CFD data
set, Fig. 7 (c) shows that there is a relatively small im-
provement in the time resolution, from 11.2 ps to 10.3 ps
(setting (7) in Table 3), when using CFDs instead of LEDs.
Moreover, time resolution from the CFD method without
the correction is already close to 10 ps and better than
that from LED method.
The ∼1 ps residual time walk when using CFD method
may result from the charge sensitivity of the zero crossover
comparator inside the CFD module [53, 54]. In addition,
it is difficult to adjust the settings of CFD with detector
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signals produced by the ion beam, since the experimental
area is not accessible when the beam is on. A pulse gen-
erator (Phillips Scientific 417 [47]) with signal rise time of
∼1.5 ns and amplitude of -800 mV was used to adjust the
∼1 ns total delay and walk setting for the CFDs. It is pos-
sible that theses setting parameters are not the optimum
for beam-induced signals from the PMTs, which leads to
the remaining time walk of the CFD measurement.
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Figure 7: (color online). Correlation between ToF obtained by
CFD+TAC+ADC electronics setup and the amplitude difference ∆Q
(a) without and (b) with the time-walk correction. Panel (c) shows
the comparison between the distributions of ToFs with LED (red
and blue for corrected and raw distributions, respectively) and CFD
(black and green for corrected and raw distributions, respectively)
timing techniques. The Gaussian fitting functions are also plotted
with the responding colors. For better comparing display, all the four
ToF distributions are normalized to the same total counts and shifted
to the position centered at 0. The data corresponds to settings 2 and
7 in Table 3.
4.5. Comparison between different beam positions
Up to now, the discussion concentrated on the data
obtained with the 48Ca beam focused at the center of the
plastic scintillator, after passing through the central hole of
the collimator mask. In a mass measurement experiment,
however, the fragmentation beams typically have a larger
cross-sectional area of ∼1 cm2. Therefore it is necessary
to investigate the timing performances for different beam
positions. We present results for two types of settings.
In one setting we still used a focused beam but shifted
it to illuminate a single off-center hole in the collimator
mask. In the other setting the beam was defocused and
simultaneously illuminated several holes of the mask.
Fig. 8 shows the ToF distributions of central and off-
center focused beam hitting positions, both measured with
LED and CFD electronic modules. Without time-walk
correction the centroids of the ToF spectra measured with
the LEDs shows large variations of ±25 ps for each posi-
tion (settings (2–5) in Table 3). On the other hand, the
uncorrected ToF distributions measured with the CFDs
are only shifted by ∼ 5 ps for different positions (settings
(7–9) in Table 3). This shows that the dominant effect in
the large spread of data with the LED electronics is due to
the time walk. Any effect due to the position dependence,
such as travel time of scintillation photons to the photo-
cathode of PMTs, is minimized by averaging the timing
of signals from the four PMTs (see discussion of Eqs. (3)
and (4)), and is less than 5 ps.
The lower panels of Fig. 8 show the time-of-flight spec-
tra after the time-walk correction. This was obtained by
combining the data of the different beam positions into one
data set and then deriving the parameters of the time-walk
correction method discussed for Eqs. (6) and (7). Thus,
we use the same ToFpivot parameter for all settings and
can compare the centroids of the corrected ToF distribu-
tions.
The time-walk correction significantly reduces the spread
of the centroids of measured ToFs, which becomes less
than 3 ps for the data taken with LEDs (settings (2–5)
in Table 3) and less than 1 ps for the CFD measurements
(settings (7–9) in Table 3). This confirms the conclusion
of a small position dependence of the timing beyond any
time-walk effect. As shown in Table 3 the detector main-
tains a good timing resolution even for relatively large po-
sition offsets; it is 9.5 ps with LED electronics for a beam
position of 2.1 cm off-center.
Fig. 9 shows the correlation between the measured ToF
and the amplitude difference of PMT signals, ∆Q, for the
defocused beam setting when several mask holes were illu-
minated. It again illustrates the ability of our correction
algorithm to improve the ToF distributions under a beam
that illuminates a large area on the scintillator. The ToF
resolution after the time-walk correction, for the spectra
including ions going through all illuminated holes, is com-
parable to that with focused beam for both the measure-
ments with the LED (8.6 ps, setting (6) in Table 3) and
CFD (12.2 ps, setting (10) in Table 3) modules.
4.6. Effects of bias voltages on PMTs
In general, the time characteristics of PMTs improve
in inverse proportion to the square root of the supply volt-
age [55], which means 100 V modification of the voltage
from an initial 1400 V would change the time resolution
by ∼3.6% if we assume other conditions are keep constant.
Therefore, it can be expected that the timing performance
is not very sensitive to the changes of bias voltage, which
was also pointed out by Ref. [34].
In the beginning of the experiment, we adjusted the
voltage on each PMT within the range of 1300–1500 V to
generate signals with similar amplitude of about 1400 mV,
before any cable splitting, for the centered beam setting.
As shown above, these voltages provide excellent time res-
olution. At the end of the beamtime short runs were done
changing the bias voltage by ±50 V around those val-
ues. The ToF resolution varied by 0.5 ps, or 4.6%, for
a change of 100 V in bias for the measurement with CFD
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Figure 8: (color online). ToF distributions under different beam
conditions using (a) LED and (b) CFD timing methods combined
with the same TAC+ADC electronics (1) without and (2) with the
time-walk correction. The positions of focused beam are marked in
the legends. For better comparing display, all the ToF distributions
are normalized to the same total counts but keep their centroids
relative to the case of central focused beam for each timing technique.
The data corresponds to settings (2–5), and settings (7–9) in Table
3.
200− 150− 100− 50− 0 50
100−
50−
0
50
100
150
0
200
400
6

800
1000
1200
1400
1600
Q (a.u.)
T
o
F
co
rr
 (
p
s)
(b2)
200− 150− 100− 50− 0 50
100−
50−
0
50
100
150
0
200
400
600
800
1000
1200
T
o
F
ra
w
 (
p
s)
Q (a.u.)
(b1)
150− 100− 50− 0 50 100
100−
50−
0
50
100
150
0
100
200
300
400
500
600
700
Q (a.u.)
T
o
F
ra
w
 (
p
s)
(a1)
150− 100− 50− 0 50 100
100−
50−
0
50
100
150
0
200
400

800
1000
Q (a.u.)
T
o
F
co
rr
 (
p
s)
(a2)
Figure 9: (color online). The correlations between ToF and ∆Q
under the defocused beam condition using (a) LED and (b) CFD (1)
without and (2) with the time-walk correction. The defocused beam
covers at least four left holes at x=-7 mm, y=±7 mm and x=-11 mm,
y=±11 mm through the mask. The data corresponds to settings 6
and 10 in Table 3.
and TAC+ADC (settings 11 and 12 in Table 3). This im-
provement is in agreement with the aforementioned expec-
tation. In addition, it is observed that the ToF centroids
are shifted with varying bias voltage, as expected from the
change in the electron transit time in the PMTs.
4.7. Effects of higher beam rate
An ion beam rate between 200 to 600 particles per sec-
ond was used throughout the test experiment. In the final
stages we increased the beam rates first to 10 kHz, and
then to higher than 100 kHz for short runs, to study the
timing performance under high rate conditions. For the
10 kHz beam rate there was no significant change in the
performance of the detector (setting (13) in Table 3). For
the beam rate above 100 kHz, the shape of the ToF dis-
tributions began to be distorted and the time resolution
deteriorated to more than 100 ps (setting (14) in Table
3). Note that the measurements were taken with a fo-
cused beam setting, with all beam ions passing through
the scintillator in a small spot of about 2 mm of diameter
(dimension of a hole in the collimator mask).
4.8. Position distribution
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Figure 10: (color online). (a) Illustration of obtaining the hitting
position (x and y) on the scintillator from time information (t1, t2, t3
and t4). (b) Distribution of hitting positions on the first scintillator
from the LED+TAC+ADC electronics setup and tuning the focused
and defocused beam passing through most holes of the front mask
shown in Fig. 2. The black circles represent the actual holes on mask
and the blue square diamond shape represents the plastic scintillator.
In this section we present result on the capability of
determining the beam position on the scintillator from
the timing signals of the four coupled PMTs. As shown
schematically in Fig. 10 (a), the relationship between the
beam position (x, y) and the time (ti) from the emission
of light in the scintillator until the photons reach the pho-
tocathode of ith PMT (i = 1, 2, 3, 4) is:
(x− xi)
2
+ (y − yi)
2
= v2t2i . (9)
Making the approximation that light is collected at the
center of the photocathode of the PMTs, (xi, yi) is the
position for each PMT, with x1=−A, y1=A; x2=A, y2=A;
x3=A, y3=−A; x4=−A, y4=−A and A=14.14 mm. v de-
notes the speed of light in the plastic. Combining these
pieces of information, we can derive:
x =
v2
4A
· (t1 − t2) (t3 − t4) ·
t1 − t4 + t2 − t3
t1 − t2 + t3 − t4
, (10)
y =
v2
4A
· (t1 − t4) (t2 − t3) ·
t1 − t2 + t4 − t3
t1 − t2 + t3 − t4
. (11)
However, the timing signals measured in our test dif-
fer from ti because of the different delays in the PMTs
and cables that connect the detectors to the electronics.
Thus, we follow an empirical approach to obtain the beam
position using the pattern produced by the mask to cal-
ibrate the real positions as the function of variables xraw
and yraw, which are defined as:
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xraw = t
m
1 − t
m
2 + t
m
4 − t
m
3 , (12)
yraw = t
m
4 − t
m
1 + t
m
3 − t
m
2 , (13)
The superscript m indicates the measured time signals.
The eight TACs with the particular channel assignments
used in the electronics setup allow us to measure the time
differences between any two PMTs of one detector in the
above equations.
The best calibration is obtained with the fitting func-
tion of quadratic form in xraw and yraw:
xcal =a0 + a1xraw + a2yraw
+ a3x
2
raw + a4xrawyraw + a5y
2
raw, (14)
ycal =b0 + b1xraw + b2yraw
+ b3x
2
raw + b4xrawyraw + b5y
2
raw. (15)
Data from the focused and defocused beams settings, with
LED+TAC+ADC electronics, are combined to obtain enough
calibration points.
Fig. 10 (b) shows the final distribution of the calibrated
positions. The results give very good position resolution
of about 0.7 mm (σ) for most spots in Fig. 10 (b).
It is also clear that the calibration does not accurately
reproduce the holes’ pattern on the mask. In addition to
limitations in the calibrating algorithm used in Eqs. (12)–
(14), another possible source of error is the time-walk effect
of the LED modules that could be reduced by using the
measured signal amplitudes.
5. Summary
In this work, we presented the results of tests from a
new timing detector system developed for ToF-Bρ mass
measurement experiments. Each timing detector consists
of a thin square organic scintillator and four fast photo-
multiplier tubes (PMTs) coupled to its sides. A systematic
test of the detector’s performance was conducted with a
48Ca beam with energy of 90 MeV/u at the NSCL.
The best time resolution (σ) of 7.5 ps was achieved
using an electronics setup consisting of a leading-edge dis-
criminator (LED), and the combination of a time-to-amplitude
converter and a amplitude-to-digital converter (TAC+ADC)
modules for digitization. Achieving this resolution required
a correction to the time-walk effect using the signal ampli-
tude recorded for each PMT with a charge-to-digital con-
verter (QDC) module, and a newly developed correction
method. The results represent a significant improvement
from the time resolution of ∼30 ps of the detectors used
in previous experiments [23].
The detector system was also tested using constant-
fraction discriminator (CFD) modules. These showed a
robust response to time-walk effect, and provided timing
with a resolution of ∼11 ps without any correction for
PMT signal amplitude. Such systems represent a good
alternative for application that do not require timing res-
olution below 10 ps.
We evaluated the position dependence of the timing
response by illuminating different spots across the surface
area of the scintillator. The detector showed a relatively
small decrease of its resolution (6 25%) for positions more
than 2 cm off-center. These settings provide a good ap-
proximation to experiments with secondary beams when
the beam spot with a radius of ∼1 cm, so we expect that
the ToF resolution of the detector in the mass measure-
ment experiment will be ∼12 ps. The performance of the
new detector system represents a significant improvement
of the time resolution of the detectors used in ToF-Bρ
mass measurements experiments at the NSCL, and an im-
portant step to achieve the goal of a mass resolution of
1.0× 10−4.
In addition, we also attempted to derive the beam hit-
ting position from the measured time information of the
four PMTs coupled to one scintillator. We obtained a good
position resolution (σ) of about 0.7 mm, albeit with sys-
tematic shifts in the absolute position measurement that
is the focus of ongoing work.
ACKNOWLEDGEMENTS
We are grateful to the operation staff of the NSCL for
providing the 48Ca beam. This work was supported in
part by the US Department of Energy under Grant No.
de-sc0020406, and the US National Science Foundation
under Grant Nos. PHY-1712832, PHY-1714153 and PHY-
1430152. K. Wang acknowledges the support by FRIB-
CSC Research Fellow Program.
References
References
[1] D. Lunney, J. M. Pearson, and C. Thibault. Recent trends in the
determination of nuclear masses. Rev. Mod. Phys., 75(3):1021–
1082, aug 2003.
[2] Michael A. Famiano. Nuclear mass measurements with radioac-
tive ion beams. Int. J. Mod. Phys. E, 28(04):1930005, apr 2019.
[3] J.-Y. Zhang, R.F. Casten, and D.S. Brenner. Empirical proton-
neutron interaction energies. Linearity and saturation phenom-
ena. Phys. Lett. B, 227(1):1–5, aug 1989.
[4] B. Alex Brown. Nuclear Pairing Gap: How Low Can It Go?
Phys. Rev. Lett., 111(16):162502, oct 2013.
[5] M.R. Mumpower, R. Surman, G.C. McLaughlin, and A. Apra-
hamian. The impact of individual nuclear properties on r-
process nucleosynthesis. Prog. Part. Nucl. Phys., 86:86–126,
jan 2016.
[6] C. J. Horowitz, A. Arcones, B. Coˆte´, I. Dillmann,
W. Nazarewicz, I. U. Roederer, H. Schatz, A. Aprahamian,
D. Atanasov, A. Bauswein, T. C. Beers, J. Bliss, M. Brodeur,
J. A. Clark, A. Frebel, F. Foucart, C. J. Hansen, O. Just,
A. Kankainen, G. C. McLaughlin, J. M. Kelly, S. N. Liddick,
D. M. Lee, J. Lippuner, D. Martin, J. Mendoza-Temis, B. D.
Metzger, M. R. Mumpower, G. Perdikakis, J. Pereira, B W
O’Shea, R. Reifarth, A. M. Rogers, D. M. Siegel, A. Spyrou,
R. Surman, X. Tang, T. Uesaka, and M. Wang. r-process nu-
cleosynthesis: connecting rare-isotope beam facilities with the
cosmos. J. Phys. G Nucl. Part. Phys., 46(8):083001, aug 2019.
9
[7] M. Mukherjee, D. Beck, K. Blaum, G. Bollen, J. Dilling,
S. George, F. Herfurth, A. Herlert, A. Kellerbauer, H. J. Kluge,
S. Schwarz, L. Schweikhard, and C. Yazidjian. ISOLTRAP:
An on-line Penning trap for mass spectrometry on short-lived
nuclides. Eur. Phys. J. A, 35(1):1–29, jan 2008.
[8] M. Block, D. Ackermann, K. Blaum, A. Chaudhuri, Z. Di,
S. Eliseev, R. Ferrer, D. Habs, F. Herfurth, F. P. Heßberger,
S. Hofmann, H.-J. Kluge, G. Maero, A. Mart´ın, G. Marx,
M. Mazzocco, M. Mukherjee, J. B. Neumayr, W. R. Plaß,
W. Quint, S. Rahaman, C. Rauth, D. Rodr´ıguez, C. Schei-
denberger, L. Schweikhard, P. G. Thirolf, G. Vorobjev, and
C. Weber. Towards direct mass measurements of nobelium at
SHIPTRAP. Eur. Phys. J. D, 45(1):39–45, oct 2007.
[9] T. Eronen, V. S. Kolhinen, V. V. Elomaa, D. Gorelov, U. Hager,
J. Hakala, A. Jokinen, A. Kankainen, P. Karvonen, S. Kopecky,
I. D. Moore, H. Penttila¨, S. Rahaman, S. Rinta-Antila, J. Ris-
sanen, A. Saastamoinen, J. Szerypo, C. Weber, and J. A¨ysto¨.
JYFLTRAP: a Penning trap for precision mass spectroscopy
and isobaric purification. Eur. Phys. J. A, 48(4):46, apr 2012.
[10] J. Ketelaer, J. Kra¨mer, D. Beck, K. Blaum, M. Block, K. Eber-
hardt, G. Eitel, R. Ferrer, C. Geppert, S. George, F. Herfurth,
J. Ketter, Sz. Nagy, D. Neidherr, R. Neugart, W. No¨rtersha¨user,
J. Repp, C. Smorra, N. Trautmann, and C. Weber. TRIGA-
SPEC: A setup for mass spectrometry and laser spectroscopy
at the research reactor TRIGA Mainz. Nucl. Instrum. Methods
Phys. Res. A, 594(2):162–177, sep 2008.
[11] G. Savard, J.C. Wang, K.S. Sharma, H. Sharma, J.A. Clark,
C. Boudreau, F. Buchinger, J.E. Crawford, J.P. Greene,
S. Gulick, A.A. Hecht, J.K.P. Lee, A.F. Levand, N.D. Scielzo,
W. Trimble, J. Vaz, and B.J. Zabransky. Studies of neutron-
rich isotopes with the CPT mass spectrometer and the CARIBU
project. Int. J. Mass Spectrom., 251(2-3):252–259, apr 2006.
[12] M. Redshaw, G. Bollen, S. Bustabad, A.A. Kwiatkowski, D.L.
Lincoln, S.J. Novario, R. Ringle, S. Schwarz, and A.A. Valverde.
LEBIT II: Upgrades and developments for high precision Pen-
ning trap mass measurements with rare isotopes. Nucl. Instrum.
Methods Phys. Res. B, 317:510–516, dec 2013.
[13] J. Dilling, R. Baartman, P. Bricault, M. Brodeur, L. Blomeley,
F. Buchinger, J. Crawford, J.R. Crespo Lo´pez-Urrutia, P. Del-
heij, M. Froese, G.P. Gwinner, Z. Ke, J.K.P. Lee, R.B. Moore,
V. Ryjkov, G. Sikler, M. Smith, J. Ullrich, and J. Vaz. Mass
measurements on highly charged radioactive ions, a new ap-
proach to high precision with TITAN. Int. J. Mass Spectrom.,
251(2-3):198–203, apr 2006.
[14] Y. H. Zhang, Yu A. Litvinov, T. Uesaka, and H. S. Xu. Storage
ring mass spectrometry for nuclear structure and astrophysics
research. Phys. Scr., 91(7):073002, jul 2016.
[15] Fritz Bosch and Yuri A. Litvinov. Mass and lifetime measure-
ments at the experimental storage ring of GSI. Int. J. Mass
Spectrom., 349-350:151–161, sep 2013.
[16] Hu Shan Xu, Yu Hu Zhang, and Yuri A. Litvinov. Accurate
mass measurements of exotic nuclei with the CSRe in Lanzhou.
Int. J. Mass Spectrom., 349-350:162–171, sep 2013.
[17] T Yamaguchi for the Rare-RI Ring coll. Present status of Rare-
RI Ring facility at RIBF. Phys. Scr., T166(T166):014039, nov
2015.
[18] R.N. Wolf, F. Wienholtz, D. Atanasov, D. Beck, K. Blaum,
Ch Borgmann, F. Herfurth, M. Kowalska, S. Kreim, Yu A.
Litvinov, D. Lunney, V. Manea, D. Neidherr, M. Rosenbusch,
L. Schweikhard, J. Stanja, and K. Zuber. ISOLTRAP’s multi-
reflection time-of-flight mass separator/spectrometer. Int. J.
Mass Spectrom., 349-350:123–133, sep 2013.
[19] P. Schury, M. Wada, Y. Ito, S. Naimi, T. Sonoda, H. Mita,
A. Takamine, K. Okada, H. Wollnik, S. Chon, H. Haba, D. Kaji,
H. Koura, H. Miyatake, K. Morimoto, K. Morita, and A. Ozawa.
A multi-reflection time-of-flight mass spectrograph for short-
lived and super-heavy nuclei. Nucl. Instrum. Methods Phys.
Res. B, 317:537–543, dec 2013.
[20] T. Dickel, W.R. Plaß, A. Becker, U. Czok, H. Geissel, E. Haet-
tner, C. Jesch, W. Kinsel, M. Petrick, C. Scheidenberger, A. Si-
mon, and M.I. Yavor. A high-performance multiple-reflection
time-of-flight mass spectrometer and isobar separator for the
research with exotic nuclei. Nucl. Instrum. Methods Phys. Res.
A, 777:172–188, mar 2015.
[21] Tsviki Y. Hirsh, Nancy Paul, Mary Burkey, Ani Aprahamian,
Fritz Buchinger, Shane Caldwell, Jason A. Clark, Anthony F.
Levand, Lin Ling Ying, Scott T. Marley, Graeme E. Morgan,
Andrew Nystrom, Rodney Orford, Adrian Pe´rez Galva´n, John
Rohrer, Guy Savard, Kumar S. Sharma, and Kevin Siegl. First
operation and mass separation with the CARIBU MR-TOF.
Nucl. Instrum. Methods Phys. Res. B, 376:229–232, jun 2016.
[22] Christian Jesch, Timo Dickel, Wolfgang R. Plaß, Devin Short,
Samuel Ayet San Andres, Jens Dilling, Hans Geissel, Flo-
rian Greiner, Johannes Lang, Kyle G. Leach, Wayne Lippert,
Christoph Scheidenberger, and Mikhail I. Yavor. The MR-TOF-
MS isobar separator for the TITAN facility at TRIUMF. Hy-
perfine Interact., 235(1-3):97–106, nov 2015.
[23] M. Matosˇ, A. Estrade´, H. Schatz, D. Bazin, M. Famiano,
A. Gade, S. George, W.G. Lynch, Z. Meisel, M. Portillo,
A. Rogers, D. Shapira, A. Stolz, M. Wallace, and J. Yurkon.
Time-of-flight mass measurements of exotic nuclei. Nucl. In-
strum. Methods Phys. Res. A, 696:171–179, dec 2012.
[24] Z. Meisel and S. George. Time-of-flight mass spectrometry of
very exotic systems. Int. J. Mass Spectrom., 349-350:145–150,
sep 2013.
[25] Z. Meisel, S. George, S. Ahn, D. Bazin, B. A. Brown, J. Browne,
J. F. Carpino, H. Chung, R. H. Cyburt, A. Estrade´, M. Fami-
ano, A. Gade, C. Langer, M. Matosˇ, W. Mittig, F. Montes,
D. J. Morrissey, J. Pereira, H. Schatz, J. Schatz, M. Scott,
D. Shapira, K. Sieja, K. Smith, J. Stevens, W. Tan, O. Tarasov,
S. Towers, K. Wimmer, J. R. Winkelbauer, J. Yurkon, and
R. G.T. Zegers. Time-of-flight mass measurements of neutron-
rich chromium isotopes up to N=40 and implications for the
accreted neutron star crust. Phys. Rev. C, 93(3):035805, mar
2016.
[26] S. Michimasa, M. Kobayashi, Y. Kiyokawa, S. Ota, D. S. Ahn,
H. Baba, G. P. A. Berg, M. Dozono, N. Fukuda, T. Furuno,
E. Ideguchi, N. Inabe, T. Kawabata, S. Kawase, K. Kisamori,
K. Kobayashi, T. Kubo, Y. Kubota, C. S. Lee, M. Matsushita,
H. Miya, A. Mizukami, H. Nagakura, D. Nishimura, H. Oikawa,
H. Sakai, Y. Shimizu, A. Stolz, H. Suzuki, M. Takaki, H. Takeda,
S. Takeuchi, H. Tokieda, T. Uesaka, K. Yako, Y. Yamaguchi,
Y. Yanagisawa, R. Yokoyama, K. Yoshida, and S. Shimoura.
Magic Nature of Neutrons in 54Ca: First Mass Measurements
of 5557Ca. Phys. Rev. Lett., 121(2):022506, jul 2018.
[27] O. B. Tarasov, M. Portillo, A. M. Amthor, T. Baumann,
D. Bazin, A. Gade, T. N. Ginter, M. Hausmann, N. Inabe,
T. Kubo, D. J. Morrissey, A. Nettleton, J. Pereira, B. M. Sher-
rill, A. Stolz, and M. Thoennessen. Production of very neutron-
rich nuclei with a 76Ge beam. Phys. Rev. C, 80(3):034609, sep
2009.
[28] A. Estrade´, M. Matosˇ, H. Schatz, A. M. Amthor, D. Bazin,
M. Beard, A. Becerril, E. F. Brown, R. Cyburt, T. Elliot,
A. Gade, D. Galaviz, S. George, S. S. Gupta, W. R. Hix, R. Lau,
G. Lorusso, P. Mo¨ller, J. Pereira, M. Portillo, A. M. Rogers,
D. Shapira, E. Smith, A. Stolz, M. Wallace, and M. Wiescher.
Time-of-Flight Mass Measurements for Nuclear Processes in
Neutron Star Crusts. Phys. Rev. Lett., 107(17):172503, oct
2011.
[29] Z. Meisel, S. George, S. Ahn, J. Browne, D. Bazin, B. A. Brown,
J. F. Carpino, H. Chung, R. H. Cyburt, A. Estrade´, M. Fami-
ano, A. Gade, C. Langer, M. Matosˇ, W. Mittig, F. Montes, D. J.
Morrissey, J. Pereira, H. Schatz, J. Schatz, M. Scott, D. Shapira,
K. Smith, J. Stevens, W. Tan, O. Tarasov, S. Towers, K. Wim-
mer, J. R. Winkelbauer, J. Yurkon, and R. G. T. Zegers. Mass
Measurements Demonstrate a Strong N=28 Shell Gap in Argon.
Phys. Rev. Lett., 114(2):022501, jan 2015.
[30] Z. Meisel, S. George, S. Ahn, D. Bazin, B. A. Brown, J. Browne,
J. F. Carpino, H. Chung, A. L. Cole, R. H. Cyburt, A. Estrade´,
M. Famiano, A. Gade, C. Langer, M. Matosˇ, W. Mittig,
F. Montes, D. J. Morrissey, J. Pereira, H. Schatz, J. Schatz,
M. Scott, D. Shapira, K. Smith, J. Stevens, W. Tan, O. Tarasov,
10
S. Towers, K. Wimmer, J. R. Winkelbauer, J. Yurkon, and
R. G. T. Zegers. Mass Measurement of 56Sc Reveals a Small
A=56 Odd-Even Mass Staggering, Implying a Cooler Accreted
Neutron Star Crust. Phys. Rev. Lett., 115(16):162501, oct 2015.
[31] A.M. Rogers, A. Sanetullaev, W.G. Lynch, M.B. Tsang, J. Lee,
D. Bazin, D. Coupland, V. Henzl, D. Henzlova, M. Kil-
burn, M.S. Wallace, M. Youngs, F. Delaunay, M. Famiano,
D. Shapira, K.L. Jones, K.T. Schmitt, and Z.Y. Sun. Tracking
rare-isotope beams with microchannel plates. Nucl. Instrum.
Methods Phys. Res. A, 795:325–334, sep 2015.
[32] Alfredo Estrade. Time-of-flight mass measurements of neutron
rich isotopes at the NSCL. PhD thesis, Michigan State Univer-
sity, 2010.
[33] S. Nishimura, M. Kurata-Nishimura, K. Morimoto, Y. Nishi,
A. Ozawa, T. Yamaguchi, T. Ohnishi, T. Zheng, M. Chiba, and
I. Tanihata. Systematic studies of scintillation detector with
timing resolution of 10 ps for heavy ion beam. Nucl. Instrum.
Methods Phys. Res. A, 510(3):377–388, sep 2003.
[34] J.W. Zhao, B.H. Sun, I. Tanihata, S. Terashima, L.H. Zhu,
A. Enomoto, D. Nagae, T. Nishimura, S. Omika, A. Ozawa,
Y. Takeuchi, and T. Yamaguchi. Reaching time resolution of less
than 10 ps with plastic scintillation detectors. Nucl. Instrum.
Methods Phys. Res. A, 823:41–46, jul 2016.
[35] R. Hoischen, S. Pietri, D. Rudolph, W. Prokopowicz,
H. Schaffner, S. Emde, P. Golubev, A. Wendt, N. Kurz, H.J.
Wollersheim, and J. Gerl. Fast timing with plastic scintillators
for in-beam heavy-ion spectroscopy. Nucl. Instrum. Methods
Phys. Res. A, 654(1):354–360, oct 2011.
[36] A. Ebran, J. Taieb, G. Belier, A. Chatillon, B. Laurent, J.-F.
Martin, and E. Pellereau. Picosecond resolution on relativistic
heavy ions’ time-of-flight measurement. Nucl. Instrum. Methods
Phys. Res. A, 728:40–46, nov 2013.
[37] P.W. Cattaneo, M. De Gerone, F. Gatti, M. Nishimura,
W. Ootani, M. Rossella, S. Shirabe, and Y. Uchiyama. Time
resolution of time-of-flight detector based on multiple scintilla-
tion counters readout by SiPMs. Nucl. Instrum. Methods Phys.
Res. A, 828:191–200, aug 2016.
[38] M. Bo¨hm, K. Go¨tzen, L. Gruber, N. Kratochwil, A. Lehmann,
H. Orth, D. Steinschaden, K. Suzuki, and S. Zimmermann. The
PANDA Barrel-TOF Detector. Nucl. Instrum. Methods Phys.
Res. A, 912:323–325, dec 2018.
[39] M.L. Corte´s, M. Reese, S. Doublet, S. Saha, H. Schaffner,
F. Ameil, P. Bednarczyk, J. Gerl, M. Gorska, N. Pietralla, and
J. Vesic. Silicon photomultipliers as readout for a segmented
Time-of-Flight plastic detector. Nucl. Instrum. Methods Phys.
Res. A, 899:101–105, aug 2018.
[40] Shree Krishna Neupane. Fast Timing Detector For Time-of-
Flight Mass Measurement. Master thesis, Central Michigan
University, 2017.
[41] Plastic Scintillators — Saint-Gobain Crystals, 2019.
[42] Eljen Technology - Plastic Scintillators, 2019.
[43] Photomultiplier tubes (PMTs) — Hamamatsu Photonics, 2019.
[44] Assembly Materials — Products — Saint-Gobain Crystals,
2019.
[45] A. Gade and B. M. Sherrill. NSCL and FRIB at Michigan State
University: Nuclear science at the limits of stability. Phys. Scr.,
91(5):053003, may 2016.
[46] mesytec - Nuclear Physics, 2019.
[47] Phillips Scientific, 2019.
[48] Electronics — Gamma Spectroscopy Counting Labs — AME-
TEK ORTEC, 2019.
[49] Tennelec Module List, 2019.
[50] 566 Time-to-Amplitude Converter — Electronics — AMETEK
ORTEC, 2019.
[51] mesytec - MTDC-32, 2019.
[52] D.A. Gedcke and W.J. McDonald. Design of the constant frac-
tion of pulse height trigger for optimum time resolution. Nucl.
Instrum. Methods, 58(2):253–260, jan 1968.
[53] J.-M. Re´gis, M. Rudigier, J. Jolie, A. Blazhev, C. Fransen,
G. Pascovici, and N. Warr. The time-walk of analog constant
fraction discriminators using very fast scintillator detectors with
linear and non-linear energy response. Nucl. Instrum. Methods
Phys. Res. A, 684:36–45, aug 2012.
[54] T. J. Paulus. Timing Electronics and Fast Timing Methods with
Scintillation Detectors. IEEE Trans. Nucl. Sci., 32(3):1242–
1249, 1985.
[55] Nobuya Matsunaga. Photomultiplier Tubes: Basics and Appli-
cations, 2017.
11
